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Abstract

Airway basal cells (BC) function as stem/progenitor cells capable of differentiating into the

luminal ciliated and secretory cells to replenish the airway epithelium during physiological

turnover and repair. The objective of this study was to define the role of Notch signaling in

regulating human airway BC differentiation into a pseudostratified mucociliated epithelium.

Notch inhibition with γ-secretase inhibitors demonstrated Notch activation is essential for

BC differentiation into secretory and ciliated cells, but more so for the secretory lineage.

Sustained cell autonomous ligand independent Notch activation via lentivirus expression of

the intracellular domain of each Notch receptor (NICD1-4) demonstrated that the NOTCH2

and 4 pathways have little effect on BC differentiation into secretory and ciliated cells, while

activation of the NOTCH1 or 3 pathways has a major influence, with persistent expression

of NICD1 or 3 resulting in a skewing toward secretory cell differentiation with a parallel de-

crease in ciliated cell differentiation. These observations provide insights into the control of

the balance of BC differentiation into the secretory vs ciliated cell lineage, a balance that is

critical for maintaining the normal function of the airway epithelium in barrier defense against

the inhaled environment.

Introduction

Notch signaling is an evolutionarily conserved signaling pathway involved in a wide variety of

cellular processes, including turnover and repair of tissues and organs [1–4]. Mammals express

five Notch ligands (delta-like ligand 1, 3, 4, jagged 1, 2) and four Notch receptors (Notch1-4),

all localized on plasma membranes [2,4]. The Notch receptors are type I transmembrane recep-

tors with both extracellular and intracellular domains. Upon ligand binding, the receptor is

cleaved by a γ-secretase at the intracellular transmembrane region, resulting in release of the

Notch intracellular domain (NICD) into the cytoplasm. The cleaved NICD translocates to the

nucleus and forms an active transcriptional complex with the DNA binding protein recombi-

nation signal binding protein for immunoglobulin J-kappa region (RBPJK) and additional co-

activators [5,6]. The resulting complex then binds within the promoters of multiple target
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genes to regulate their expression. Activation of the Notch pathway via different receptor-li-

gand interactions can result in a diverse array of downstream responses, allowing the Notch

pathway to regulate many cellular processes [7].

Murine studies have demonstrated that during development and in the adult lung, Notch

signaling regulates differentiation of the airway epithelium into the secretory, Clara, ciliated

and neuroendocrine cell types [8–22]. In contrast, little is known regarding the role of Notch

signaling in regulating differentiation of the human airway epithelium, a complex tissue com-

posed of basal cells (BC), ciliated, secretory and columnar/undifferentiated cells [23–25]. In

both the human and mouse airways, the BC are the proliferating stem/progenitor population

that differentiate into the other specialized epithelial cell types of the airway during normal epi-

thelial turnover and repair [26–35].

Based on the knowledge that the Notch signaling pathway is expressed in the human airway

epithelium [36], the present study is focused on assessing which of the 4 Notch receptors play a

role in regulating the differentiation of human airway BC into secretory and ciliated cells. The

data demonstrate that NOTCH2 and 4 have little influence, but that signaling mediated by the

NOTCH1 and 3 pathways plays a central role in regulating the differentiation of BC into secre-

tory and ciliated cells, with sustained activation of these pathways skewing differentiation to

the secretory lineage. These observations have implications for developing targets to restore

normal airway epithelial structure in human airway disorders characterized by increased secre-

tory cell numbers and mucus production.

Methods

Ethics Statement

All individuals were evaluated and samples collected in the Weill Cornell NIH Clinical and

Translational Science Center and Department of Genetic Medicine Clinical Research Facility

under clinical protocols approved by the Weill Cornell Medical College and New York/Presby-

terian Hospital Institutional Review Boards (IRB) according to local and national IRB guide-

lines. All subjects gave their informed written consent prior to any clinical evaluations

or procedures.

Culture of Primary Human Airway Basal Cells

Nonsmoker primary airway basal cells (BC) were obtained either by isolation using selective

culture methods from large airway epithelial samples obtained by bronchoscopy under IRB ap-

proved protocols as described previously [33] or purchased commercially (Lonza Catalog

CC2540S, Walkersville, MD, USA). The BC phenotype of all cells was confirmed by positive

staining for the BC markers KRT5, TP63 and CD151 (>99% positive cells) and negative stain-

ing for additional differentiated airway epithelial cell types (secretory, ciliated cell and neuroen-

docrine) as previously described [33]. Representative images depicting characterization of the

primary BC are included in S1 Fig. All cultures were seeded at 3000 cells/cm2 into plastic flasks

and maintained in BEGMmedium (Lonza) supplemented with 1% penicillin/streptomycin

(GIBCO-Life Technologies, Grand Island, NY, USA), 0.5% amphotericin B (GIBCO-Life Tech-

nologies) and 0.1% gentamicin (Sigma, St Louis, MO, USA) in a 5% CO2, 37°C humidified in-

cubator. The medium was replaced every 2 to 3 days and once the cells had reached 80%

confluence, the cells were harvested for air-liquid interface (ALI) culture by trypsinization in

0.05% trypsin-ethylenediaminetetraacetic acid (EDTA, GIBCO-Life Technologies) at 37°C,

5 min with the reaction stopped by addition of (4-(2-hydroxyethyl)-1-piperazineethanesulfo-

nic acid buffered saline (HEPES, Lonza) supplemented with 15% fetal bovine serum (FBS,

GIBCO-Life Technologies). For primary BC obtained via isolation using selective culture
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methods from large airway epithelial samples obtained by bronchoscopy each independent cul-

ture was passaged one round to obtain sufficient cell material before study on ALI culture,

whereas cells obtained commercially were thawed directly into T75 flasks and used on ALI cul-

ture with no further expansion once the appropriate density was reached. Each independent

experiment was performed with cells derived from independent donors.

RNA Extraction and cDNA Synthesis

Total RNA was extracted using a modified version of the TRIzol method (Invitrogen), in

which RNA is purified directly from the aqueous phase using the Rneasy MinElute RNA purifi-

cation kit (Qiagen, Valencia, CA, USA). RNA samples were stored in RNA Secure (Ambion,

Austin, TX, USA) at -80°C. The concentration was determined using a NanoDrop ND-1000

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Double-stranded

cDNA was synthesized from 1 μg of total RNA using TaqMan Reverse Transcription Reagents

(Applied Biosystems, Foster City, CA, USA),

Microarray

Genome wide gene expression of nonsmoker derived primary human airway BC (n = 5) was

assessed using the HG-U133 Plus 2.0 array (Affymetrix, Santa Clara, CA, USA) as previously

described [33]. Briefly, all HG-U133 Plus 2.0 microarrays were processed according to Affyme-

trix protocols, hardware and software, processed by the Affymetrix fluidics station 450 and hy-

bridization oven 640 and scanned with an Affymetrix Gene Array Scanner 3000 7G. The

captured image data from the HG-U133 Plus 2.0 arrays were processed using the MAS5 algo-

rithm in GeneSpring version 7.3 (Affymetrix Microarray Suite Version 5) and normalized per

chip to the median expression value of each sample to generate P calls for filtering. Overall mi-

croarray quality was verified by the following criteria: (1) RNA Integrity Number (RIN)>7.0;

(2) 30/50 ratio for GAPDH<3; and (3) scaling factor<10.0. The expression level of Notch

pathway genes was assessed using the following HG-U133 Plus 2.0 array probesets (P call

�20% of all samples): DLL1 (224215_s_at), DLL3 (222898_s_at), DLL4 (223525_at), JAG1

(209099_x_at), JAG2 (32137_at), NOTCH1 (218902_at), NOTCH2 (212377_s_at), NOTCH3

(203238_s_at), NOTCH4 (205247_at), RBPJ (207785_s_at), HES1 (203394_s_at), HES2

(231928_at), HES4 (227347_x_at), HES5 (239230_at), HES6 (226446_at), HES7 (224548_at),

HEY1 (44783_s_at), HEY2 (219743_at), HEYL (226828_s_at) and KRT5 (201820_at). The raw

data and values are publically available at the Gene Expression Omnibus (GEO) site (http://

www.ncbi.nlm.nih.gov/geo/), GSE53537.

Air-liquid Interface Culture

To investigate the differentiation of human airway BC, the cells were grown on air-liquid inter-

face (ALI) cultures. The BC were trypsinized and seeded at a density of 3.75 x 105 cells/cm2

onto 0.4 μm pore-sized Transwell inserts (Corning Incorporated, Corning, NY, USA) pre-coat-

ed with human type IV collagen (Sigma). The initial culture medium consisted of a 1:1 mixture

of DMEM (Cellgro, Manassas, VA, USA) and Ham's F-12 Nutrient Mix (GIBCO-Invitrogen,

Carlsbad, CA, USA) containing 5% fetal bovine serum, 1% penicillin-streptomycin, 0.1% gen-

tamycin and 0.5% amphotericin B. The following day, the medium was changed to 1:1

DMEM/Ham’s F12 (including antibiotics described above) with 2% Ultroser G serum substi-

tute (BioSerpa S.A., Cergy-Saint-Christophe, France). Once the cells had reached confluence

(following 2 days of culturing on the membrane), the media were removed from the upper

chamber to expose the apical surface to air and establish the ALI (referred to as ALI Day 0).
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The cells were then grown at 37°C, 8% CO2, and the culture medium was changed every 2 to

3 days. Following 5 days on ALI, the cells were grown at 37°C, 5% CO2 until harvested.

Inhibition of Notch Activity with γ-Secretase Inhibitors

To inhibit activation of Notch signaling during BC differentiation, ALI cultures were treated

with media containing the γ-secretase inhibitors, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-

S-phenylglycine t-butyl ester (DAPT; Sigma) or (S,S)-2-[2-(3,5-Difluorophenyl)acetylamino]-

N-(5-methyl-6-oxo-6,7-dihydro-5H-dibenzo[b,d]azepin-7-yl) propionamide (DBZ; EMD

Chemicals Inc., Gibbstown, NJ, USA). DAPT and DBZ were dissolved in dimethyl sulfoxide

(DMSO), and added into media at a final concentration of 5 μM and 0.1 μM, respectively, from

ALI day 0. Fresh drug was added with every media change for the length of time indicated. As

controls, cells were also cultured in untreated media or media containing DMSO (0.1%).

Histology

Air-liquid interface day 28 transwell inserts were washed three times with PBS and then fixed

directly with 4% paraformaldehyde in PBS for 20 min. Following fixation, the samples were

washed three times with PBS and then shipped in 70% ethanol to Histoserv, Inc (Germantown,

MD, USA) whereupon the membrane was removed from the transwell insert and subsequently

dehydrated through graded alcohols, cleared in xylene and then infiltrated with low melt tem-

perature paraffin and sectioned at 5 μm. Before staining, the samples were deparaffinized in xy-

lene substitute, followed by incubation in a series of graded ethanol to rehydrate. For general

histology, sections were stained using standard protocols for Alcian blue/Nuclear Fast Red Ker-

nechtrot reagents (Poly Scientific R&D Corp. Bay Shore, NY, USA).

Quantification of Differentiation

To quantify the differentiation capacity of primary BC following ALI culture, paraffin-embed-

ded sections were stained with Alcian blue/Nuclear Fast Red Kernechtrot reagents to determine

the percentage of ciliated and secretory cells or immunofluorescent staining of cell type specific

markers. A minimum of 10 images equally distributed between both ends of each sectioned

membrane were acquired. Basal cells were determined by positivity for the marker KRT5, cili-

ated cells were determined by morphology and secretory cells by Alcian blue staining or posi-

tivity for the markers MUC5AC and SCGB1A1, where described. For each sectioned

membrane, a minimum of 200 total cells were counted.

TaqMan PCR

Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using TaqMan Reverse

Transcription Reagents (Applied Biosystems). All samples were then analyzed in duplicate and

all reactions run on an Applied Biosystems Sequence Detection System 7500 with relative expres-

sion levels determined using the dCt method with 18S ribosomal RNA as the endogenous con-

trol. Premade TaqMan Gene Expression Assays were obtained from Applied Biosystems: KRT5

(Hs00361185_m1); TP63 (Hs00978343_m1); MUC5AC (Hs01365616_m1); SCGB1A1

(Hs00171092_m1); DNAI1 (Hs00201755_m1); TEKT1 (Hs00364985_m1); RPBJK

(Hs01061428_g1), HES1 (Hs00172878_m1); HES2 (Hs01021800_g1); HES4 (Hs00368353_g1);

HES5 (Hs01387463_g1); HES6 (Hs00936587_g1); HEY1 (Hs01114113_m1); HEY2

(Hs00232622_m1); and HEYL (Hs00232718_m1).
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Western Analysis

Cells were harvested and lysed in radioimmunoprecipitation lysis (RIPA) buffer (Sigma) con-

taining complete protease inhibitor cocktail (Roche, Mannheim, Germany) and halt phospha-

tase inhibitor cocktail (Pierce, Rockford, IL, USA). The protein concentration was then

quantified using the Bradford Assay and an appropriate volume of 4X NuPAGE LDS sample

buffer (Invitrogen) containing 200 mM dithiothreitol (DTT) added to each sample. The cellu-

lar lysates were then boiled for 10 min and equal amounts of total protein for each sample ana-

lyzed using NuPAGE 4–12% Bis–Tris gradient gels (Invitrogen) and subsequently transferred

onto nitrocellulose membranes with a Bio-Rad semidry apparatus before Western analysis, as

previously described [37]. The primary antibodies used for Western analysis included: rabbit

polyclonal KRT5 (basal cell; 1/5000; PA1-37974; Thermo Scientific, Rockford, IL, USA);

mouse monoclonal TP63 (basal cell; 1/3000; sc-8431; Santa Cruz Biotechnology, Inc., Santa

Cruz, CA, USA); rabbit polyclonal SCGB1A1 (secretory cell; 1/10000; RD181022220; BioVen-

dor LLC, Candler, NC, USA); rabbit polyclonal DNAI1 (ciliated; 1/2000; HPA021649; Sigma);

mouse monoclonal anti-human-GAPDH (1/5000, SC-32233, Santa Cruz Biotechnology); rab-

bit monoclonal anti-NOTCH1 (1/2000, #4380, Cell Signaling Technology, Danvers, MA,

USA); rabbit monoclonal anti-NOTCH2 (1/1000, #4530, Cell Signaling Technology); rabbit

monoclonal anti-NOTCH3 (1/1000, #5276, Cell Signaling Technology) and mouse monoclo-

nal anti-NOTCH4 (1/1000, #2423, Cell Signaling Technology).

Immunofluorescence

Immunofluorescent staining was performed either on paraffin embedded cross-sections or di-

rectly by top-staining of the ALI membrane. For analysis of paraffin embedded sections, the

samples were first cleaned in xylene and rehydrated with graded ethanol. To unmask the anti-

gens, samples were steamed for 15 min in citrate buffer solution (Thermo Scientific) followed

by cooling at 23°C for 20 min then permeabilized with 0.1% triton X-100 in PBS for 10 min fol-

lowed by blocking with normal for 30 min to reduce background staining. For direct top-stain-

ing, the ALI membranes were fixed directly with 4% paraformaldehyde for 20 min and then

permeabilized with 0.1% triton X-100 in PBS followed by blocking with normal serum. The

samples were then treated and stained with the following primary antibodies: β-tubulin IV (cil-

iated cell; 5 μg/ml; MU178-UC; Biogenex, Fremont, CA); KRT5 (basal cell; 2 μg/ml; PA1-

37974; Thermo Scientific); SCGB1A1 (secretory cell; 5 μg/ml; RD181022220; BioVendor LLC);

MUC5AC (secretory cell; 1.4 μg/ml; VP-M657; Vector Laboratories, Burlingame, CA), HEY1

(downstream effector; 20 μg/ml; ab22614; Abcam, Cambridge, MA, USA) and HEYL (down-

stream effector; 20 μg/ml; H00026508-M03, Abnova, Taipei, Taiwan) overnight at 4°C. Isotype

matched IgG (Jackson Immunoresearch Laboratories, West Grove, PA, USA) was the negative

control. To visualize the antibody binding, Alexa Fluor 488 Goat Anti-Mouse IgG (A-11029;

Invitrogen) and Alexa Fluor 546 Goat Anti-Rabbit IgG (A-11035; Invitrogen) labeled second-

ary antibodies were used. The cells were counterstained with DAPI to identify cell nuclei and

subsequently mounted using ProLong Gold antifade reagent (Invitrogen). Immunofluorescent

microscopy was performed using a Zeiss Axioplan body microscope with either a 40 x or 100 x

lens. The images were captured with a Zeiss hrM (high resolution monochrome) camera.

Immunohistochemistry

Immunohistochemical staining was performed on paraffin embedded cross-sections of the ALI

membrane. The samples were first cleaned in xylene and rehydrated with graded ethanol. To

unmask the antigens, samples were steamed for 15 min in citrate buffer solution (Thermo Sci-

entific) followed by cooling at 23°C for 20 min. Endogenous peroxidase activity was quenched
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using 0.3% H2O2 for 30 min, followed by incubation for 30 min with normal serum matched to

the secondary antibody to reduce background staining. Samples were incubated overnight at

4°C with the following primary antibodies: rabbit monoclonal anti-NOTCH1 (5.0 μg/ml,

ab52627, Abcam); rabbit monoclonal anti-NOTCH2 (0.5 μg/ml, #4530, Cell Signaling Tech-

nology); rabbit monoclonal anti-NOTCH3 (0.02 μg/ml, ab178948, Abcam); mouse monoclonal

anti-NOTCH4 (0.04 μg/ml, #2423, Cell Signaling Technology); HEY1 (0.5 μg /ml; ab22614;

Abcam) and HEYL (5.0 μg/ml; H00026508-M03, Abnova). Isotype-matched IgG (Jackson

ImmunoResearch Laboratories Inc.) was used as a negative control. The Vectastain Elite ABC

kit and AEC substrate kit (Dako North America Inc., Carpinteria, CA, USA) were used to visu-

alize antibody binding and slides were counterstained with Mayer’s hematoxylin (Polysciences

Inc., Warrington, PA) and mounted using faramount mounting medium (Dako North Amer-

ica Inc.). Images were acquired using a Nikon Microphot microscope with a Nikon Plan × N.

A. 0.70 40 x objective lens and an Olympus DP70 CCD camera.

Generation of Notch Intracellular Domain Expressing Lentiviruses

For sustained activation of Notch signaling during BC differentiation on ALI culture, the intra-

cellular domain of the human NOTCH1, 2, 3 and 4 receptors (NICD1, 2, 3 and 4, respectively)

were cloned into a lentiviral expression plasmid. Nucleotide sequences encompassing NICD1

(5281–7668), NICD2 (5095–7416), NICD3 (5002–6966) and NICD4 (4417–6012) were PCR

amplified using gene specific primers (NICD1 Forward 5’-GTATTCTAGAGCTAGCGAA

TTCGCCACGATGcggcggcagcatggccagct-3’and Reverse 5’-GATCCGATTTAAATTCGAA

TTCttacttgaaggcctccggaatgcgggcg-3’; NICD2 Forward 5’-GAATTCCCACCatggcaaaacgaa

agcgtaagcatggctc-3’ and Reverse 5’-GGATCCtcacgcataaacctgcatgttgttgtgtgg-3’; NICD3 For-

ward 5’-GAATTCGCCACCATGaagcgcgagcacagcaccctctggttccctg-3’ and Reverse 5’-

GGATCCtcaggccaacacttgcctcttgggggtaac-3’ and NICD4 Forward 5’-GAATTCGCCACGAT

Gcgtcgacgccgagagcatggagct-3’ and Reverse 5’-GGATCCctattttttaccctctcctccttggtttatgggc-3’)

and cloned into the multiple cloning site of pCDH-MSCV-MCS-EF1α-GFP (Cat No:CD711B-

1, System Biosciences, Mountain View, CA, USA) via EcoRI (NICD1) and EcoRI and BamHI

(NICD2-4) restriction sites. The cDNA template of NICD1 and NICD3 were purchased from

Addgene (Cat No: 17626 and 26894 respectively, Mountain View, CA, USA) and the cDNA

templates of NICD2 and 4 were kindly provided by Dr Warren Pear, University of Pennsylva-

nia, USA. Once NICD1-4 were cloned into pCDH-MSCV-MCS-EF1α-GFP, the resulting plas-

mids (Lenti-NICD1-4) were sequenced to verify the correct orientation and integrity of each

open reading frame. In addition, expression of each NICD was confirmed by transfection of

293A cells and subsequent Western analysis with antibodies specific for each gene. Recombi-

nant replication deficient lentiviruses pseudotyped with the VSVg envelope were generated by

transient co-transfection of 293A cells with Lenti-NICD1-4 and the appropriate packaging

plasmids. The virus containing media was collected at 24 hr intervals with replacement of fresh

media at each time point. At 72 hr post transfection the media was harvested and pooled with

previous time points for subsequent virus purification by standard methods. The infectious

titer of each virus was determined via GFP positivity following infection of an immortalized

airway basal cell line (BCi-NS1.1) with serial dilutions of the virus [37].

Lentivirus Infection of Primary Human Airway Basal Cells on Air-liquid
Interface Culture

Primary BC were infected with recombinant lentiviruses at an equal multiplicity of infection

(MOI) that allowed for equal infectivity between samples as determined by GFP positivity. For

infection of cells on ALI culture, the virus was added directly to the cell suspension at the time
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of seeding the cells on Transwell inserts in the standard ALI media supplemented with 2 μg/ml

of polybrene to aid virus infection. The following day, the infectious media was removed and

the standard ALI protocol continued as described above.

Statistical Analysis

The Mann-Whitney U test was used for statistical analyses of all experiments. In all analyses, a

p value less than 0.05 was deemed significant.

Results

Expression of Notch Signaling Pathway Components in Human Airway
Basal Cells

The Notch signaling pathway contains multiple ligands, receptors and downstream effectors

(Fig. 1A). Microarray analysis of human airway basal cells (BC) revealed expression of the

Notch ligands DLL1, DLL4, JAG1 and JAG2, and expression of the four Notch receptors

(NOTCH1-4) (Fig. 1B). However, the ligand DLL3 was not expressed. Analysis of known

Notch downstream effectors demonstrated expression of RBPJK, HES1, HES2, HES4, HES5,

HES6, HEY1, HEY2 and HEYL, while HES7 was not expressed (Fig. 1C). Overall these data

demonstrate that human airway BC express most components of the Notch signaling pathway.

Notch Activation is Required for Differentiation of Human Airway Basal
Cells

To assess the role of Notch signaling in regulation of human airway BC differentiation, BC

were cultured under differentiation-inducing air-liquid interface (ALI) conditions in the pres-

ence of γ-secretase inhibitors (DAPT or DBZ) that inhibit activation of Notch signaling. Fol-

lowing 28 days of ALI culture, differentiation of BC into secretory and ciliated cells was

quantified at the histological level by Alcian blue staining of ALI day 28 cross-sections

(Fig. 2A). As expected, treatment of cells with the drug vehicle DMSO had no significant (both

p>0.8) effect on the numbers of secretory (4.1% untreated vs 4.7% DMSO) and ciliated cells

(39.6% untreated vs 42.8% DMSO) relative to untreated cells (Fig. 2B,C). Compared to control

DMSO treated cells, continuous treatment of differentiating BC with DAPT or DBZ resulted in

generation of a thin single cell layered epithelium with reduced appearance of luminal differen-

tiated cells (Fig. 2A). Quantification of Alcian blue positive cells demonstrated a complete

block in differentiation into secretory cells (Fig. 2A, B). Treatment with DAPT and DBZ al-

lowed for differentiation into ciliated cells, although relative to DMSO treated cells, there was a

significant decrease in ciliated cell numbers in DAPT (12.4% vs 42.8% DMSO, p<0.05) and

DBZ (14% vs 42.8% DMSO, p<0.05) treated cultures (Fig. 2A, C).

To further characterize the effects of Notch inhibition by DAPT and DBZ treatment on the

differentiation capacity of the BC, TaqMan quantitative PCR, Western analysis and immuno-

fluorescent staining using cell type specific markers were performed. TaqMan analysis of ALI

day 28 DMSO vs DAPT or DBZ treated cells with cell type specific transcript primer-probesets

demonstrated significant differences in expression of a subset of cell type specific markers

(Fig. 2D). Analysis of the BC marker KRT5 revealed a significant decrease in expression in cells

treated with DAPT and DBZ (both p<0.04), but no significant change in expression of the BC

marker TP63 (both p>0.4). In support of the histological data, no detectable expression of the

secretory cell markers MUC5AC and SCGB1A1 was observed in cells treated with DAPT and

DBZ. In addition, there was a significant (both p<0.04) decrease in expression of the ciliated

cell markers DNAI1 and TEKT1 in cells treated with DAPT and DBZ relative to DMSO.
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Fig 1. Expression of Notch pathway ligand, receptor and downstream effector genes in human airway basal cells. A. Overview of Notch signaling
pathway and downstream effectors. Shown are the 5 Notch-ligands [delta-like ligand 1 (DLL1), 3 (DLL3), 4 (DLL4), jagged 1 (JAG1) and 2 (JAG2)], and the 4
Notch receptors (NOTCH1, 2, 3 and 4). The notch intracellular domain (NICD) represents the cytoplasmic portion of each Notch receptor cleaved by the
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Surprisingly, Western analysis of the BC markers KRT5 and TP63 contrasted the mRNA data

and demonstrated an increase in the levels of protein for KRT5 and TP63 in cells treated with

DAPT and DBZ relative to DMSO (Fig. 2E). However, Western analysis of the secretory cell

marker SCGB1A1 and ciliated cell marker DNAI1 correlated with the mRNA data with no ex-

pression and reduced expression of the respective genes in cells treated with DAPT and DBZ

relative to DMSO control (Fig. 2E). Furthermore, immunofluorescent staining of the ciliated

cell marker β-tubulin IV showed reduced numbers of ciliated cells in DAPT and DBZ treated

cells compared to DMSO controls (Fig. 2F) further confirming the quantification of ciliated

cell numbers by morphology (Fig. 2C) and the expression of ciliated cell markers by TaqMan

quantitative PCR (Fig. 2D) andWestern analysis (Fig. 2E). Differentiation was further validat-

ed at the protein level by immunofluorescent staining and quantification of cell numbers for

KRT5 (basal cell), MUC5AC (secretory cell) and SCGB1A1 (secretory cell). Relative to DMSO

treated cells, for both DAPT and DBZ there were significantly (all p<0.05) higher numbers of

KRT5 positive cells (36.3% DMSO vs 66.2% DAPT and 66.1% DBZ) thus confirming the West-

ern data (Fig. 3A-B). Therefore, it appears that Notch inhibition with γ-secretase inhibitors re-

sults in a decrease in the expression of BC markers (e.g. KRT5) at the mRNA level, however

there is an inverse relationship at the protein level resulting in increased levels through an un-

known mechanism. Quantification of MUC5AC and SCGB1A1 positive cells demonstrated the

presence of both cell types in DMSO treated cells (0.8%, MUC5AC and 8.5%, SCGB1A1),

whereas there was a complete absence of these cell types in cells treated with DAPT and DBZ

further confirming the mRNA andWestern data (Fig. 3C-F). Overall, these data suggest that

activation of Notch signaling is essential for BC differentiation into secretory cells, and re-

quired for optimal differentiation into ciliated cells.

Sustained Activation of Notch Signaling

Activation of the Notch pathway via ligand binding to each of the four Notch receptors results

in cleavage of the intracellular transmembrane region of the receptor via a γ-secretase resulting

in release of the Notch intracellular domain (NICD) into the cytoplasm which subsequently

translocates to the nucleus to form an active transcriptional complex [5,6]. However, to date

the cell type specificity of each Notch receptor in the human airway epithelium and their role

in regulating airway epithelium differentiation are unknown. Immunohistochemical staining

of each Notch receptor on sections of differentiated human airway BC following 28 days of ALI

culture revealed NOTCH1 expression was highly localized to the basal cell population, with

weak staining in differentiated cells (Fig. 4A). Whereas, NOTCH3 was localized in a subset of

basal and ciliated cells (Fig. 4A). In contrast to NOTCH1 and 3, NOTCH2 and 4 were express-

ed by all cell populations throughout the epithelium (Fig. 4A). To determine the effect of sus-

tained ligand independent cell-autonomous Notch-pathway-specific signaling activation via

each receptor on differentiation of human airway BC on ALI culture, sequences encompassing

the intracellular domain of the human NOTCH1, 2, 3 and 4 receptors (NICD1, 2, 3 and 4, re-

spectively) were cloned into lentiviral expression plasmids (Fig. 4B). To verify expression of

each NICD, Western analysis was performed on cell lysates of 293A cells untransfected (mock)

or transfected with control plasmid (Lenti-GFP) or plasmids expressing each NICD

γ-secretase complex. Once translocated to the nucleus, cleaved NICD forms an active transcriptional complex with the DNA binding protein RBPJK. The
NICD-RBPJK complex binds Notch target genes and activates Notch downstream effectors, HES1, HES2, HES4, HES5, HES6, HES7, HEY1, HEY2 and
HEYL.B. Basal cell relative expression of Notch pathway ligands and receptors. C. Basal cell relative expression of Notch pathway downstream effectors.
For panelsB andC, the HG-U133 Plus 2.0 microarray was used to assess relative expression analysis for Notch pathway ligand, receptor and downstream
effector genes. Each bar represents the mean expression level with standard error of the mean for each gene in nonsmoker human airway basal cells (n = 5).
The expression level of the basal cell specific marker keratin 5 (KRT5) was used as a reference.

doi:10.1371/journal.pone.0116507.g001
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Fig 2. Activation of Notch signaling is required for differentiation of human airway basal cells. Airway basal cells were differentiated on air-liquid
interface cultures (ALI) for 28 days in the presence and absence of γ-secretase inhibitors DAPT (5 μM) or DBZ (0.1 μM). Treatment with DMSO (0.1%) was
used as the drug solvent control.A. Alcian blue staining of ALI day 28 sections. Scale bar 20 μm. B-C. Quantification of secretory and ciliated cells on Alcian
blue stained ALI day 28 sections.B. Percentage secretory cells; andC. Percentage ciliated cells. The data for B andC are the mean for n = 3 independent
experiments; error bars indicate standard error of the mean.D. mRNA expression for cell type specific markers. TaqMan PCR was used to assess
expression of basal cell markers (KRT5 and TP63); secretory cell markers (MUC5AC and SCGB1A1) and ciliated cell markers (DNAI1 and TEKT1). Bars
indicate the mean fold-change of mRNA expression compared to DMSO-treated ALI cells from n = 3 independent experiments, each performed in triplicate.
Error bars indicate standard error of the mean. E. Western analysis for cell type specific markers. Lane 1—DMSO; lane 2—DAPT; and lane 3—DBZ. For all
cells, shown is the expression of basal cells markers (KRT5, TP63), secretory cell marker (SCGB1A1) and ciliated cell marker (DNAI1). GAPDHwas used as
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(Lenti-NICD1-4). The results confirmed expression of each NICD at the correct molecular

weight (Fig. 4C-F).

Based on the knowledge that activation of Notch signaling results in multiple downstream

responses, we analyzed the changes in expression of multiple known Notch downstream effec-

tors in differentiating BC following lentivirus expression of NICD1-4. Human airway BC were

infected with either control lentivirus (Lenti-GFP) or lentivirus expressing NICD1, 2, 3 or 4

(Lenti-NICD1-4) at the time of establishing the ALI cultures and equal infectivity of each virus

was confirmed by GFP positivity (Fig. 5A). At ALI day 28 of culture, the cells were harvested

a loading control. Data shown are representative images from n = 3 independent experiments. F. Immunofluorescence assessment of the ciliated cell marker
β-tubulin IV (green) and DAPI (nuclei, blue). In the panels in descending order, ALI cells cultured in media containing DMSO (0.1%), DAPT (5 μM) or DBZ
(0.1 μM). Scale bar 50 μm.

doi:10.1371/journal.pone.0116507.g002

Fig 3. Activation of Notch signaling is required for secretory cell differentiation of human airway basal cells. Airway basal cells were differentiated on
air-liquid interface cultures (ALI) for 28 days in the presence and absence of γ-secretase inhibitors DAPT (5 μM) or DBZ (0.1 μM). Treatment with DMSO
(0.1%) was used as the drug solvent control.A. Immunofluorescence staining of KRT5 positive cells. Sections of cells on ALI day 28 membranes were
stained for KRT5 (basal cell, red) and DAPI (nuclei, blue). Scale bar 20 μm.B. Quantification of KRT5 positive cells on ALI membranes.C.
Immunofluorescence staining of MUC5AC positive cells. Sections of cells on ALI day 28 membranes were stained for MUC5AC (secretory cell, green) and
DAPI (nuclei, blue). Scale bar 20 μm. D. Quantification of MUC5AC positive cells on ALI membranes. E. Immunofluorescence staining of SCGB1A1 positive
cells. Sections of cells on ALI day 28 membranes were stained for SCGB1A1 (secretory cell, red) and DAPI (nuclei, blue). Scale bar 20 μm. F. Quantification
of SCGB1A1 positive cells on ALI membranes. The data for B, D and F are the mean for n = 3 independent experiments; error bars indicate standard error of
the mean.

doi:10.1371/journal.pone.0116507.g003
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Fig 4. Lentivirusmediated expression of Notch intracellular domain 1–4. A. Localization of the Notch receptors in differentiated human airway
epithelium. Immunohistochemical staining of ALI day 28 sections for NOTCH1, NOTCH2, NOTCH3 and NOTCH4. Matched isotype IgG was used as a
negative control. Scale bar 20 μm. Data shown are representative images of n = 3 independent experiments. B. Schematic of human Notch intracellular
domains (NICD) of Notch receptor 1–4. All NICDs contain a RAM23 domain (RAM), ankyrin repeats (ANK), and proline, glutamic acid, serine, threonine-rich
(PEST) sequences. NICD1, 2 and 3 contain a notch cytokine response (NCR) sequence immediately C-terminal of the ankyrin repeats that regulates
functional activity. Further towards the C-terminus, NICD1 and NICD2 contain C-terminal transcriptional activation domains (TAD). Amino acid sequences
describe the region for each Notch receptor that encompasses the NICD. C-F. Western analysis of NICD1-4 from lentivirus expression constructs. Lane 1—
Mock (untransfected); lane 2—Lenti-GFP; and lane 3—Lenti-NICD. Shown is the expression of C. NICD1,D. NICD2, E. NICD3 and F. NICD4. GAPDHwas
used as a loading control.

doi:10.1371/journal.pone.0116507.g004
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and the expression of multiple Notch downstream effectors assessed by TaqMan analysis with

specific transcript primer-probesets against each gene (Fig. 5B). Lentivirus mediated expression

of NICD2 or NICD4 resulted in significant decreases (all p<0.02) in expression of the effectors

HES2 and HES6, with HES4 showing a significant decrease (p<0.02) for NICD2 only and

RBPJK showing a significant increase (p<0.02) in expression for NICD4 alone. However, ex-

pression of NICD1 or NICD3 resulted in a more diverse and exaggerated response with addi-

tional changes in specific downstream effector expression (Fig. 5B). Relative to Lenti-GFP

infected cells, there was a significant decrease (p<0.02) in expression of HES1 in Lenti-NICD3

infected cells only, whereas for Lenti-NICD1, there was no significant change (p>0.9) in ex-

pression. In contrast, there was significant increased expression of HES4 (p<0.02), HES5

(p<0.02), HEY1 (p<0.02), HEY2 (p<0.02) and HEYL (p<0.04) in cells infected with Lenti-

NICD1 or Lenti-NICD3, whereas HES6 expression was significantly decreased (p<0.02) com-

pared to Lenti-GFP infected cells. Among the changes in expression of downstream effectors in

response to NOTCH1 and 3 activation, HES5 (44.4-fold Lenti-NICD1 and 17.7-fold Lenti-

NICD3) and HEYL (39.1-fold Lenti-NICD1 and 22.4-fold Lenti-NICD3) displayed the greatest

fold-change increases in expression relative to controls (Lenti-GFP; Fig. 5B). Together, these

data suggest that sustained activation of Notch signaling in differentiating BC via expression of

NICD1-4 results in multiple downstream responses with NOTCH1 and 3 activation demon-

strating the largest number of changes in expression of downstream effectors.

Effects on Differentiation into Secretory and Ciliated Cells

The effect of sustained activation of each NICD on BC differentiation into a pseudostratified

mucociliated epithelium was next assessed at the histological level by quantifying the number

of secretory and ciliated cells by Alcian blue staining of ALI day 28 cross-sections from BC in-

fected with either control lentivirus (Lenti-GFP) or lentivirus expressing NICD1, 2, 3 or 4

(Lenti-NICD1-4; Fig. 6A). Activation of Notch signaling with each NICD demonstrated differ-

ential functions of each receptor regarding regulating differentiation of BC into secretory and

ciliated cells. Relative to control cells (Lenti-GFP), constitutive activation of Notch signaling

via expression of NICD2 or NICD4 had no significant effect on regulating differentiation of

BC into secretory (5.0% Lenti-GFP vs 5.3% Lenti-NICD2, p>0.5 and 5.0% Lenti-GFP vs 5.2%

Lenti-NICD4, p>0.5, Fig. 6B) and ciliated cells (17.1% Lenti-GFP vs 16.6% Lenti-NICD2,

p>0.5 and 17.1% Lenti-GFP vs 14.7% Lenti-NICD4, p>0.08; Fig. 6C). In contrast, constitutive

activation of Notch signaling via expression of NICD1 or NICD3 resulted in a significant in-

crease (both p<0.03) in the numbers of secretory cells relative to Lenti-GFP infected cells

(5.0% Lenti-GFP vs 16.8% Lenti-NICD1 and 19.3% Lenti-NICD3) and a parallel significant de-

crease (both p<0.03) in ciliated cells (17.1% Lenti-GFP vs 6.6% Lenti-NICD1 and 5.2% Lenti-

NICD3).

To further characterize the effects of NICD1-4 expression on the differentiation capacity of

airway BC, TaqMan quantitative PCR using primer-probesets for cell type specific markers

was performed (Fig. 7). Relative to Lenti-GFP infected cells, analysis of the BC marker KRT5

revealed no significant difference in expression in cells infected with Lenti-NICD1 (p>0.2), but

a significant decrease in expression in cells infected with Lenti-NICD2, NICD3 or NICD4 (all

p<0.02). For the BC marker TP63, there was a significant decrease (all p<0.02) in expression

in Lenti-NICD1-4 infected cells. Consistent with the histological differentiation data, analysis

of the secretory cell markers MUC5AC and SCGB1A1 revealed significant increased expres-

sion (both p<0.02) in cells infected with Lenti-NICD1 or Lenti-NICD3 compared to Lenti-

GFP. As expected, no significant differences (both p>0.2) in expression of MUC5AC and

SCGB1A1 were observed for Lenti-NICD4. Surprisingly, a significant increase (both p<0.02)
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Fig 5. Effect of NICD-mediated sustained activation of Notch signaling on expression of the Notch
downstream effectors. A. Efficiency of lentivirus infection on air-liquid interface (ALI) culture. Human airway
basal cells were infected with lentivirus expressing GFP (Lenti-GFP) or NICD1-4 (Lenti-NICD1-4) and
cultured on ALI for 28 days. Shown are representative images of infections from experiments investigating
the role of NICD1-4 expression on BC differentiation. Scale bar 20 μm. B. Sustained activation of Notch
signaling via NICD1-4 regulates expression of the Notch downstream effectors. Human airway basal cells
were infected with lentivirus expressing GFP alone, NICD1, NICD2, NICD3 or NICD4 and cultured on ALI for
28 days. The mRNA expression for Notch pathway downstream effectors (RBPJK, HES1, HES2, HES4,
HES5, HES6, HEY1, HEY2, and HEYL) were analyzed by TaqMan PCR. Bars indicate the mean fold-change
of mRNA expression compared to Lenti-GFP infected ALI cells from n = 4 independent experiments, each
performed in triplicate. Error bars indicate standard error of the mean.

doi:10.1371/journal.pone.0116507.g005
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for MUC5AC (8.2-fold) and SCGB1A1 (4.8-fold) expression was observed in Lenti-NICD2 in-

fected cells relative to Lenti-GFP. However, these fold-changes in expression observed for

NICD2 were significantly lower (all p<0.05) than those observed in Lenti-NICD1 (195-fold

MUC5AC and 131-fold SCGB1A1) and Lenti-NICD3 (1747-fold MUC5AC and 343-fold

SCGB1A1) infected cells. Analysis of the ciliated cell markers DNAI1 and TEKT1 revealed a

significant decrease (both p<0.02) in Lenti-NICD1 and Lenti-NICD3 infected cells and no sig-

nificant difference (both p>0.2) in Lenti-NICD2 and Lenti-NICD4 infected cells relative to

Lenti-GFP control, which is consistent with the histological differentiation data.

Further validation of the KRT5, MUC5AC and SCGB1A1 mRNA expression data at the

protein level was performed by immunofluorescent staining of each protein and quantification

of cell numbers. Staining of KRT5 demonstrated a significant (all p<0.03) decrease in the num-

ber of KRT5 positive cells for both Lenti-NICD1 and Lenti-NICD3 infected cells relative to

Lenti-GFP (44.7% Lenti-GFP vs 32.1% Lenti-NICD1 and 29.7% Lenti-NICD3). In contrast, for

Lenti-NICD2 and Lenti-NICD4, there were no significant (all p>0.3) differences in the num-

bers of KRT5 positive cells (44.7% Lenti-GFP vs 45.9% Lenti-NICD2 and 44.5% Lenti-NICD4)

(Fig. 8A, B). Therefore, the mRNA levels of KRT5 only correlated with the number of KRT5

positive cells for Lenti-NICD3 whereby a significant decrease was observed in both compared

to Lenti-GFP infected cells. In contrast, no correlation was observed in cells infected with

Lenti-NICD1, NICD2 and NICD4. These data demonstrate a similar trend to those observed

with Notch inhibition with γ-secretase inhibitors whereby no positive correlation in the

mRNA level and protein level of KRT5 was observed (Figs. 2–3).

Analysis of MUC5AC and SCGB1A1 staining demonstrated relative to Lenti-GFP infected

cells, for both Lenti-NICD1 and Lenti-NICD3 there were significantly (all p<0.03) higher

numbers of MUC5AC positive cells (0.6% Lenti-GFP vs 4.7% Lenti-NICD1 and 14.2% Lenti-

NICD3) and SCGB1A1 positive cells (3.3% Lenti-GFP vs 10.4% Lenti-NICD1 and 17.7%

Lenti-NICD3), thus confirming the mRNA data (Fig. 8C-F). In contrast, for Lenti-NICD2 and

Lenti-NICD4, there were no significant (all p>0.75) differences in the numbers of MUC5AC

positive cells (0.6% Lenti-GFP vs 1.0% Lenti-NICD2 and 0.6% Lenti-NICD4) and SCGB1A1

positive cells (3.3% Lenti-GFP vs 3.3% Lenti-NICD2 and 3.8% Lenti-NICD4, Fig. 8C-F). There-

fore, even though a significant increase in mRNA expression for both MUC5AC and

SCGB1A1 was observed in response to NICD2 expression, this did not translate into an in-

crease in the numbers of MUC5AC and SCGB1A1 positive cells. Overall, these data demon-

strate that NOTCH1 or 3 dependent signaling pathways regulate differentiation of BC into

secretory and ciliated cells with sustained activation of each pathway skewing BC differentia-

tion toward a secretory cell pathway.

Analysis of Notch Downstream Effector Localization in Response to
Notch Activation

To further understand the downstream effects of Notch activation in differentiating BC in re-

sponse to each NICD we performed immunohistochemical analysis of ALI Day 28 cross-sec-

tions from BC infected with either control lentivirus (Lenti-GFP) or lentivirus expressing

NICD1, 2, 3 or 4 (Lenti-NICD1-4) for the downstream effectors HEY1 and HEYL, both of

Fig 6. Sustained activation of Notch signaling via NICD1 or 3 skews differentiation toward the
secretory lineage. A-C. Human airway basal cells were infected with lentivirus expressing GFP alone,
NICD1, NICD2, NICD3 or NICD4 and cultured on ALI for 28 days.A. Alcian blue staining of ALI day 28
sections. Scale bar 20 μm. B-C. Quantification of secretory cells and ciliated cells on Alcian blue stained ALI
day 28 sections.B. Percentage secretory cells; andC. Percentage ciliated cells. The data for B andC are the
mean for n = 4 independent experiments; error bars indicate standard error of the mean.

doi:10.1371/journal.pone.0116507.g006
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Fig 7. Sustained activation of Notch signaling via NICD1 or 3 skews human airway basal cell
differentiation to secretory cells.Human airway basal cells were infected with lentivirus expressing GFP
alone, NICD1, NICD2, NICD3 or NICD4 and cultured on ALI for 28 days and differentiation assessed by
mRNA expression of cell type specific markers. TaqMan PCR was used to assess expression of basal cell
markers (KRT5 and TP63); secretory cell markers (MUC5AC and SCGB1A1) and ciliated cell markers
(DNAI1 and TEKT1). Bars indicate the mean fold-change of mRNA expression compared to Lenti-GFP
infected ALI cells from n = 4 independent experiments, each performed in triplicate. Error bars indicate
standard error of the mean.

doi:10.1371/journal.pone.0116507.g007
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which are upregulated at the mRNA level in response to NICD1 and NICD3 expression

(Fig. 5B). The results demonstrated that HEY1 is weakly expressed in the cytoplasm of a subset

of epithelium in control cells (Lenti-GFP) or cells infected with Lenti-NICD2 and NICD4

(Fig. 9A). However, in response to NICD1 and NICD3 expression there is an increase in the

staining of HEY1 throughout the epithelium with elevated cytoplasmic and weak nuclear

Fig 8. Sustained activation of Notch signaling via NICD1 or 3 increases human airway basal cell differentiation into MUC5AC and SCGB1A1
positive secretory cells.Human airway basal cells were infected with lentivirus expressing GFP alone, NICD1, NICD2, NICD3 or NICD4 and cultured on
ALI for 28 daysA. Immunofluorescence staining of KRT5 positive cells. Sections of cells on ALI day 28 membranes were stained for KRT5 (basal cell, red)
and DAPI (nuclei, blue). Scale bar 20 μm.B. Quantification of KRT5 positive cells on ALI membranes.C. Immunofluorescence staining of MUC5AC positive
cells. Sections of cells on ALI day 28 membranes were stained for MUC5AC (secretory cell, green) and DAPI (nuclei, blue). Scale bar 20 μm. D.
Quantification of MUC5AC positive cells on ALI membranes. E. Immunofluorescence staining of SCGB1A1 positive cells. Sections of cells on ALI day 28
membranes were stained for SCGB1A1 (secretory cell, red) and DAPI (nuclei, blue). Scale bar 20 μm. F. Quantification of SCGB1A1 positive cells on ALI
membranes. The data for B, D and F are the mean for n = 4 independent experiments; error bars indicate standard error of the mean.

doi:10.1371/journal.pone.0116507.g008
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staining in secretory cells. Immunofluorescent staining of HEY1 and MUC5AC revealed in-

creased co-localization of both proteins in cells infected with Lenti-NICD1 relative to Lenti-

GFP cells (Fig. 9B). Similar to HEY1, immunohistochemical staining of HEYL demonstrated

the protein is expressed weakly in the nuclei and cytoplasm of a subset of epithelium in control

cells (Lenti-GFP) or cells infected with Lenti-NICD2 and NICD4 (Fig. 9A). In contrast, for

Fig 9. Sustained activation of Notch signaling via NICD1 or 3 increases expression of Notch downstream effectors in secretory cells.Human
airway basal cells were infected with lentivirus expressing GFP alone, NICD1, NICD2, NICD3 or NICD4 and cultured on ALI for 28 daysA.
Immunohistochemical staining of HEY1 and HEYL positive cells. Sections of cells on ALI day 28 membranes were stained for HEY1 and HEYL. Matched
isotype IgG was used as a negative control. Scale bar 20 μm. B. Immunofluorescence staining of HEY1 and MUC5AC positive cells. Sections of cells on ALI
day 28 membranes were stained for MUC5AC (secretory cell, green), HEY1 (red) and DAPI (nuclei, blue). Scale bar 20 μm. C. Immunofluorescence staining
of HEYL and SCGB1A1 positive cells. Sections of cells on ALI day 28 membranes were stained for HEYL (green), SCGB1A1 (secretory cell, red) and DAPI
(nuclei, blue). Scale bar 20 μm.

doi:10.1371/journal.pone.0116507.g009
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cells infected with Lenti-NICD1 and NICD3 there is an increase in nuclear staining of HEYL

throughout the epithelium with elevated cytoplasmic staining in secretory cells (Fig. 9A).

Immunofluorescent staining of HEYL and SCGB1A1 revealed increased co-localization of

both proteins in cells infected with Lenti-NICD1 relative to Lenti-GFP cells (Fig. 9C). Overall,

these data demonstrate that NOTCH1 or 3 dependent signaling pathways result in up-regula-

tion of a number of downstream effectors that co-localize with secretory cells and thus may

play a role in regulating the Notch dependent skewing of BC differentiation toward a secretory

cell pathway.

Discussion

Basal cells (BC) are the proliferating stem/progenitor population that differentiate into the

other specialized epithelial cell types of the airway during normal turnover and repair [26–34].

Based on the knowledge the Notch signaling pathway is expressed in the human airway epithe-

lium [36], the present study focused on modulating the pathway to assess its role in regulating

the differentiation of human airway BC. The data demonstrate the activation state of Notch

signaling is essential for normal differentiation of BC into a pseudostratified mucocilated epi-

thelium. Inhibition of Notch signaling with γ-secretase inhibitors (DAPT or DBZ) resulted in a

complete block in differentiation into secretory cells, and partial block of differentiation into

ciliated cells suggesting Notch activation is required for efficient luminal cell differentiation of

airway BC. Constitutive activation of ligand independent cell-autonomous Notch signaling

during BC differentiation via expression of the intracellular domain of each Notch receptor

(NICD1-4) demonstrated only NICD1 and NICD3 altered the differentiation fate of BC into a

mucociliated epithelium, with NICD2 and NICD4 having little effect. Analysis of the down-

stream effectors in response to NICD1-4 overexpression revealed NICD1 and 3 induced a

more diverse and exaggerated effect relative to NICD2 and 4. Sustained expression of NICD1

or NICD3 skewed differentiation towards the secretory cell fate with a corresponding decrease

in differentiation of ciliated cells, suggesting the levels of NOTCH1 and 3 activity are critical

for determining secretory vs ciliated cell fate decisions. These data are consistent with previous

in vitro studies demonstrating that activation of Notch signaling by treatment of human airway

epithelial ALI cultures with DLL4 induces increased secretory cell differentiation [10]. Con-

versely, miRNA-mediated repression of NOTCH1 signaling increased differentiation of

human airway epithelial cells into ciliated cells [38]. In support of this, a recent study demon-

strated submersion of pri human bronchial epithelial cells inhibits ciliogenesis by induction of

hypoxia that maintains Notch signaling which in turn represses expression of genes required

for ciliogenesis [39]. Together, these data suggest that Notch signaling activity mediated by

NOTCH1 and NOTCH3 receptors is essential for normal differentiation of BC into a pseudos-

tratified mucociliated epithelium, with sustained activation skewing differentiation toward the

secretory cell fate.

To date, multiple studies have demonstrated a role for Notch signaling in regulating differ-

entiation of the murine airways into the secretory, Clara, ciliated and neuroendocrine cell types

during development and in the adult lung [8–22]. For example, a recent study by Morimoto

et al [15] using stepwise removal of the Notch1, 2 and 3 receptors in the airway epithelium dur-

ing murine lung development demonstrated Notch2 predominantly mediates Clara/ciliated

cell fate decisions with minimal contributions from Notch1 and 3. However, due to the ana-

tomical differences between the murine and human lung, the tracheal airways of the adult

mouse most closely resemble the conducting airways of the human lung, with the epithelium

of both species containing basal, ciliated and secretory cells in similar ratios [32]. A study by

Rock et al [13] in murine adult airway BC demonstrated that Notch signaling was active during
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epithelial repair and was required for differentiation of BC into luminal cells, with sustained ac-

tivation via expression of NICD1 resulting in increased differentiation of MUC5AC and

SCGB1A1 positive secretory cells. In support of these findings, a study by Tata et al [21] de-

scribing airway BC specific Notch activation via tetracycline inducible expression of NICD1

demonstrated increased numbers of MUC5AC positive secretory cells within 3 days of induced

NICD1 expression. Our findings in the human airways are consistent with both of these mu-

rine studies. Overall, the results of our study are in agreement with those observed in BC of

mice and demonstrate functional cross-species conservation of Notch signaling in regulating

murine and human BC differentiation.

Due to their role as resident stem/progenitor of the airway epithelium that differentiate into

the other specialized epithelial cell types of the airway during normal epithelial turnover and

repair, it is likely BC play a central a role in the pathological remodeling of the airway epitheli-

um in response to environmental stresses, including cigarette smoke [32,40]. Upon exposure to

cigarette smoke, the airway epithelium becomes progressively disordered, with the decreased

numbers of ciliated cells and increased numbers of mucus producing secretory cells defined as

mucus cell hyperplasia [41–45]. The culmination of these changes results in enhanced mucus

production and impaired mucociliary clearance leading to airflow obstruction [41,42,44]. The

earliest abnormalities linked to the development of smoking induced chronic obstructive pul-

monary disease (COPD) occur in the small airway epithelium [46] and the increased mucus

production and accumulation in the airway of patients with COPD leads to increased rates of

infection and inflammation which contribute significantly to the morbidity and mortality relat-

ed with the disease [42,44,47]. In vivo studies have demonstrated enhanced expression of acti-

vated NOTCH1 in the airway of patients with COPD [19] and altered expression of specific

Notch ligands, receptors and downstream effectors in the small airway epithelium of smokers

and COPD smokers relative to healthy controls [36]. Therefore, in conjunction with our in

vitro data we can hypothesize that cigarette smoke exposure dysregulates specific components

of NOTCH1 and/or NOTCH3 mediated differentiation of the airway epithelium which may

contribute to the development of a disordered airway architecture, including mucus cell hyper-

plasia. Thus, therapies that specifically target the NOTCH1 and 3 pathways in the airway epi-

thelium may help restore the balance of BC differentiation to secretory and ciliated cells to

maintain normal epithelial structure in smoking induced airway disorders like COPD.

Supporting Information

S1 Fig. Characterization of primary human airway basal cells. Immunohistochemical char-

acterization of cytopreps of primary human airway basal cells isolated using selective culture

methods from large airway epithelial samples obtained by bronchoscopy or purchased com-

mercially with cell-type specific markers: KRT5 (basal cell); TP63 (basal cell); CD151 (basal

cell); SCGB1A1 (secretory cell); MUC5AC (secretory cell); β-tubulin IV (ciliated cell); chromo-

granin A (CHGA) (neuroendocrine cell) and isotype control. Scale bar 20 μm. Data shown are

representative images from a single primary donor sample obtained from each source.
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